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DOE Leadership Computing Facility Strategy

B DOE SC selected the ORNL, ANL and PNNL team (May 12, 2004) based on a
competitive peer review of 4 LCF proposals

— ORNL will deploy a series of systems based on Cray’s XT3/4 architectures
@ 250TF/s in FY07 and 1000TF/s in FY08/9

— ANL will develop a series of systems based on IBM’s BlueGene @ 100TF/s
in FYO7 and 250-500TF/s in FYO8/FY09 with IBM Blue Gene/P

— PNNL will contribute software technology

B DOE SC will make these systems available as capability platforms to the broad
national community via competitive awards (e.g. INCITE Allocations)

— Each facility will target ~20 large-scale production applications teams
— Each facility will also support development users

B DOE’s LCFs complement existing and planned production resources at NERSC
— Capability runs will be migrated to the LCFs, improving NERSC throughput
— NERSC will play an important role in training and new user identification
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Mission and Vision for the ALCF

Our Mission

Provide the computational science community with a world leading
computing capability dedicated to breakthrough science and
engineering.

Our Vision
A world center for computation driven scientific discovery that has:

outstandingly talented people,

the best collaborations with computer science and applied
mathematics,

the most capable and interesting computers and,
a true spirit of adventure.

See http://www.alcf.anl.gov/ for info and openings
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ALCF Timeline

2004
— Formed of the Blue Gene Consortium with IBM

— DOE-SC selected the ORNL, ANL and PNNL team for
Leadership Computing Facility award

— Installed 5 teraflops Blue Gene/L for evaluation
— Began production support of 6 INCITE projects, with BGW

— Continued code development and evaluation
— “Lehman” Peer Review of ALCF campaign plans

— Increased to 9 INCITE projects; continued development projects
— Installed 100 teraflops BlueGene/P (late 2007)
2008
— Began support of 20 INCITE projects on BG/P
— Added 450 teraflops BG/P
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ALCF Service Offerings

. Startup assistance . ALCF science liaison
- User administration assistance . Assistance with proposals, planning,

- Job management services reporting
. Technical support (Standard and . Collaboration within science domains

Emergency)

- Performance engineering

- Application tuning

. Data analytics

. Data management services

- Workshops & seminars
. Customized training programs
- On-line content & user guides

- Educational and industry outreach
programs
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Overview

B Application Developers' view

B Compiling and Building Tools
L le

B Scheduling and Running Jobs
B Optimization Technigues

B Performance Tools

B Debugging Tools
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Configuration Detalls

B Login Servers

— compile and submit jobs to ANL's Cobalt scheduler
— surveyor.alcf.anl.gov — 13.9T 1-rack BG/P system - testing and development, in

production mode

— intrepid.alcf.anl.gov — 8-rack BG/P production system - open for all INCITE users
— intrepid.alcf.anl.gov — 32-rack BG/P system - open for Early Science applications

B Service Nodes

— users have restricted access
— jobs are started from here
— executable and working directory must be accessible

B |/O Nodes

— 1/64 10 nodes / compute nodes ratio

— each compute node is mapped to particular 10 node
B Compute Nodes [1024 nodes per rack]

— users have no access

M Storage Services

— users have no access

Argonne National
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BlueGene/P Software Organization

B Front-end nodes (FN) , dedicated for user's to login, compile
programs, submit jobs, query job status, debug applications

B Service nodes (SN) , perform system management services, create
and monitoring processes, initialize and monitor hardware, configure
partitions, control jobs, store statistics

] , provide a number of OS services, such as files,
sockets, process management, debugging

B Compute nodes (CN) , run user application, limited OS services
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BlueGene/P Programming Environment

B Linux cross-compilation environment

users login to FEN for compilation, job submission, debugging

B Space sharing

exactly one job per partition

smp-mode, one MPI task/node, 4 threads/task, 2GB of RAM

dual-mode, two MPI tasks/node, 2 threads/task, 1GB of RAM
vn-mode, 4 single-threaded MPI tasks/node, 512MB of RAM

memory limited to physical memory

statically and dynamically linked libraries

restricted set of POSIX routines (no fork, system, ...)
threading support

MPI based on ANL's mpich2

B SPMD model

Argonne National

Laboratory
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Argonne's Blue Gene/P Supercomputer: Software Overv  ie _



BlueGene/P Software Stack

Front-end Node

GNU tools
Cobalt
mpirun front
LoadlLeveler
Compilers

Linux

4% . Argonne National
£ Laboratory

Compute Node

Navigator

LoadLeveler

Application

mpirun back Debuggers

OpenMP
CIODB CIOD
DB2 File System Run-time

Linux Linux CNK
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Application Developer's view

® 4 CPU core per node, 850 MHz, each corecandoupt otwo
double multiply/add instructions per cycle

— peak performance is 3.4 GFlops/core, 13.6 GFlops/node
® 3D torus network

— point to point MPI_SEND, MPI_RECV

— deterministic protocol for short messages

— deterministic eager protocol for medium messages

— adaptive rendezvouz protocol for long messages
B Global tree network

— efficient implementation of all-to-one, one-to-all, and all-to-all
calls

® Global interrupt network
— fast MPI_BARRIER

h Argonne National
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Building Executable: MPI-Wrapper

B MPI wrappers to IBM compiler set

mpixIc mpixIlcxx mpixIf77 mpixIfo90 mpixlf2003
B Thread-safe versions of MPI wrappers to IBM compiler set

mpixIc_r mpixlcxx_r mpixIf77_r mpixIf90 r mpixlf2003 _r
B MPI wrappers to GNU compiler set

mpicc MpPICXX mpif77
M BlueGene/L users: change your scripts

mpicc.ibm -> mpixic mpicxx.ibm -> mpicxx mpif77.ibm -> mpixIf77
mpicc.gnu -> mpicc mpicxx.gnu -> mpicxx mpif77.gnu -> mpif77
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Sample BlueGene/P makefile

BGPDRI VER = / bgsys/ dri vers/ ppcfl oor

CC = $(BGPDRI VER) / com1 bi n/ npi xI ¢

CXX = $(BGPDRI VER) / conm bi n/ npi x| cxx

FC = $(BGPDRI VER) / conm bi n/ npi xI f 90
OPTFLAGS = -8 -qarch=450d - gtune=450 - ghot
CFLAGS = -qglist -qsource -greport -g
FFLAGS = -glist -gsource -qgreport -g

mypr og: mypr og. o
$(FC) $(FFLAGS) -0 nyprog nyprog.o

Argonne National
Laboratory
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Building Executable: Direct Compiler

/usr/bin/bgcc -> /opt/ibmcmp/vacpp/bg/9.0/bin/bgcc

bgxlc, bgxic_r compile C source file

bgxlc++, bgxlc++_r, bgxIC, bgxIC r compile C++ source file

bgcc, bgcc r compile pre-ANSI C non-standard source file
bgc89, bgc89 r compile C89-conformed C source file

bgc99, bgc99 r compile C99-conformed C source file

bgxlf, bgxIf r, bgf77, bgfort77 compile Fortran 77 source file

bgxIf90, bgxIf90 r, bgfo0 compile Fortran 90 source file

bgxIf95, bgxIf95 r, bgfo5s compile Fortran 95 source file

bgxIf2003, bgxIf2003_r, bgf2003  compile Fortran 2003 source file

DRIVER_PATH=/bgsys/drivers/ppcfloor

bgxIC -0 MPI_Prog MPI_Prog.C -I$DRIVER_PATH/comm/include/ \
-L$DRIVER_PATH/comm/lib/ -lcxxmpich.cnk -Impich.cnk -Idcmfcoll.cnk \
-ldcmf.cnk -Ipthread -Irt -L$DRIVER_PATH/runtime/SPI -ISPI.cna

Argonne National . ] .
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OpenMP Implementation

B Shared-memory parallelism is supported on single node
B Interoperability with MPI as
— MPI at outer level, across compute nodes
— OpenMP at inner level, within a compute node
B Thread-safe compiler version should be used
— with any threaded/OMP/SMP applications
B OpenMP 2.5 standard directives are supported:
— parallel, for, parallel for, sections, parallel sections, critical, single
— #pragma omp <rest of pragma> for C/C++
— I$OMP <rest of directive> for Fortran
B Compiler functions
— omp_get_num_procs, omp_get num_threads
omp_get _thread num, omp_set num_threads

Argonne National . ] .
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Common Approaches to Application 1/O

M Single process - root - performs 1/O
— trivially simple to implement
— limited bandwidth equal to one client's performance
— Insufficient memory and delays in root to keep data
M All processes write to its own file
— no synchronization between tasks
— avoids file system sharing
— very many files may be created
— difficulty to post-process data
— bottlenecks from I/O hardware
M All processes access single file
— asingle file to manage
— post-processing can be avoided
— possible file system sharing and other inefficiencies
— bottlenecks from I/O hardware

i Argonne National
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Parallel I/0 in HPC

B Applications want to achieve scalability, parallelism, high bandwidth,
and usability
B Applications require more software than just a parallel file system

B Multiple layers are provided with distinct roles:

— Parallel file system
* maintains logical space, provides efficient access to data
(PVFS, GPFS)
— 1/O forwarding
e assists with 1/0 scaling issues, load balance for I/O servers

— Middleware
 organizes access by many processes (MPI-10)

— High-level I/O library

* maps application abstractions to a structured portable data
format (HDF5, Parallel netCDF)

Argonne National , ] ]
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/0O on BlueGene/P

B Home directory
— GPFS
— [gpfs/home/<username> -> /home/<username>
— extra space in /gpfsl if needed
— visible from login, compute, I/O, and service nodes
— limited in space
— dalily snapshots in ~/.snapshots

B Data
— PVFS
— [pvfs-surveyor
— visible from login, 1/0, and compute nodes
— invisible from the service nodes, so, cannot contain exec files
— scratch data space, no backups
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BlueGene/P Partitions

ANL-R0O0-M0-NOO-64

ANL-R00-M0-N02-64  N00-128

NOO-256

ANL-RO0-MO0O-NO4-64
ANL-RO0-MO-NO6-64

NO4-128

ANL-RO0-M0O-N0O8-64

ANL-R00-MO-N10-64  1108-128

NO08-256
ANL-RO0-M0O-N12-64

N12-128
ANL-RO0-MO-N14-64

B Minimal partition size is 64 nodes: due to one I/O 64 compute node ratio
M Larger partitions are configured by combining smaller ones

B |f a job is running on a partition, no other job can run on the enclosing larger
partitions

B Not all partitions are available at all times
M bg-listblocks --all lists all defined partitions

‘ Argonne National
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Cobalt*: An ANL's Scheduler for HPC

B Research in nature - investigating advanced systems management
for complex cutting-edge architectures

B Open source and uses open source components enabling rapid
experimentation and exploration advanced features

B Focuses on reconfigurable environments for user and growing
hardware

B Fits to both computational needs and computer science research
(most resource managers are not system software research
environments)

B Smaller and simpler is better (4K lines of Python code, dynamic
kernel selection, different I/O node kernels, different kernel tuning
parameters, flexibility and configurability, small partition support)

* http://www-unix.mcs.anl.gov/cobalt/index.xml
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Resource Manager and Job Scheduler

B Cobalt supports standard commands to manage jobs

gsub: submit a job gstat: query a job status

gdel: delete a job galter: alter batched job parameters
B Different queues

— short: 24x7x365, <60 minute jobs, higher priority weekdays

8am-2pm CST

— medium: 24x7x365, <3 hour jobs, any size, higher priority weekdays
2pm-8pm CST

— long: <6 hour jobs, 8pm-8am weekdays and full day weekends

— develop: development jobs of 512 nodes or less
B FIFO based scheduler

— chooses the best fit from the top of the queue
B Maintenance Day: Monday
B Reservations used for special needs
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gsub: Submitting a Job

Type gsub

Usage: qsub [-d] [-V] -A <project nhame> -q <queue> --cwd <working directory>
--env envvarl=valuel:.envvar2=value2 --kernel <kernel profile>
-K <kernel options> -O <outputprefix> -t time <in minutes>
-e <error file path> -0 <output file path> -i <input file path>
-n <number of nodes> -h --proccount <processor count>
--mode <mode> <command> <args>

-t <time_in_minutes> required runtime

-n <number_on_nodes> number of nodes
--proccount <number_of cores> number of CPUs

--mode <smp|duallvn> running mode

--env VAR1=1:VAR2=1 environment variables
<command> <args> command with arguments

Do not give a partition: it is chosen by a scheduler
If fit to a sooner-to-schedule, a queue is adjusted automatically
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gsub: Examples of Submitting a Job

B Despite being redundant, we recommend to always specify the number of
nodes, the number of CPUs, and the mode of your run

B gsub -g short -t 10 -n 64 --proccount 64 --mode smp Hello
— submits a job to a short queue
— will run no longer than 10 minutes or when executable stops
— will use smp-mode with 64 nodes, 64 CPUs

B gsub -g short -t 10 -n 4 --proccount 16 --mode vn -O My _Run My Exe My File
— submits a job to a short queue and run no longer than 10 minutes
— will use vn-mode with 4 nodes, 16 CPUs
— will allocate 64-node partition, 60 nodes will stay unused
— will run program My _Exe with argument My _File
— will create My_Run.output as stdout and My_Run.error as stderr files

Argonne National
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gsub: A Script to Submit a Typical Job

#!/ bi n/ bash

RUN=<pr ogr am execut abl e>
NCDES=64

CORES=256

MODE=vn

MAPPI NG=XYZT

TASK=$RUN- $NODES- $CORES- $MODE
rm-rf $TASK. error $TASK. out put
echo Processors: nodes $NODES, cores $CORES, npde $MODE

gsub -q short -t 0:10:00 -n $NODES --proccount $CORES --nopde $MODE - O $TASK \
--env BG_MAPPI NG=$MAPPI NG $RUN

gstat -f
t ouch $TASK. error
tail -f $TASK. error

Argonne National
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gstat: Show Status of a Batch Job(s)

B gstat -f <job_id1> <job_id2>

— a full display is produced

Jobl D JobNane User Wal | Ti ne QueuedTi ne RunTi me Nodes State Location Mode Procs Queue StartTine

11543 f1-64-64-snp norozov 00: 30: 00 00: 00: 06 00: 13:41 64 runni ng ANL- ROO- ML- NO2- 64 SWVP 64 short 02/27/08

— Job_id can be used to kill the job of alter the job parameters
— valid status: queued, running
— check the mode of your job

B gstat -Q
— will show all available queues and their limits

— special queues, which we use to handle reservations

Argonne National , ] ]
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gdel: Kill a Job

B qdel <jobid1> <jobid2>

— delete the job from a queue

— terminated a running job

Argonne National
Laboratory
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galter, gmove: Alter Parameters of a Job

m Allows to alter the parameters of both queued and running jobs

® Very useful for the running jobs, which would unexpectedly coming to exceed their
allocated time

B Type galter

Usage: galter [-d] [-Vv] -A <project nhame> -t <time in minutes>
-e <error file path> -o <output file path>
-n <number of nodes> -h --proccount <processor count>
-M <email address> --mode <mode smp/dual/vn> <jobid1> <jobid2>

B Careful: -t <time in minutes>:
— itis NOT the time left for the running jobs!
— itis elapsed time since the beginning of the run, after which Cobalt kills the job

B use gmove to change the queue
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Why a job Is not running In a queue

M there is a reservation, which interferes with your job
— showres shows all reservations currently in place
M there is no available partitions
— partlist shows all partitions marked as functional
— partlist shows the assignment of each partition to a queue
B wrong queue
— the job submitted to a queue, which is restricted to run at this time
M partitions are not freed

— In specific situations, a job quits and does not free a partition => a partition is
treated as busy, but there is no job, which holds this partition

— bg-listblocks --all --long prints full information of all blocks

— the state is identified by a combination of gstat -f, bg-listblocks

Aa Argonne National
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Tools: Improved Performance, Profiling, Debugging ...

B Most tools are under /soft/apps
B Improved performance with optimized libraries
— BLAS/LAPACK versus LIbGOTO/LAPACK
— BlueGene optimized Mass, MassV, ESSL libraries from IBM
M Practical Optimization
— compiler switches
— profiling and profiling tools: HPCT, Profiling “-pg”, “-
gdebug=function_trace”, TAU
® Tracing MPI_Barrier/printf/exit/abort standard debugging methods
B GDB / Totalview

— the last choice, requires advanced experience

rs Argonne National
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Optimization Steps w/o Code Changes

W Start from original MPI program, make it run
— The least aggressive compiler options
— Default libraries
B Increase compiler optimization options
B Verify different running modes: smp vs. dual vs. vn
B Use highly optimized libraries (BLAS-LIbGOTO, MASSV, ESSL)
B Optimize communication performance: DCMF_EAGER

B Optimize mapping (logical MPI-task to CPU allocation): BG_MAPPING
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Optimization Steps with Code Changes

B Use compiler directives
— Alignment, aliasing, loop unrolling, SIMD vectorization
® Profiling (identify the bottleneck)
— Profiling Tools with and without code modification
— Use of hardware counters
— Start code changes only if the bottleneck is concentrated
B Rearranging memory hierarchy
— Ordered memory inquires improve cache reuse (Fortran N-dim arrays)
— Use of contiguous memory blocks allows quadword loads
B Use double-hummer instructions
— Available for Fortran, C, C++ as regular calls
— Register/instructions scheduler is done by compiler
B |ast choice: hand-coding assembly

— Assembly generated by a compiler is a great help to understand the code

‘L Argﬁgggrgﬂgnal Argonne's Blue Gene/P Supercomputer: Software Overv. |




Memory Hierarchy

B L1 Instruction and L1 Data caches

— 32 KB total size, 32-Byte line size, 64-way associative, round-robin
— -gcache=level=1:type=d:assoc=64:line=32:size=32:\
level=1:type=i=assoc=64:line=32:size=32
B |2 Data cache
— 2KB prefetch buffer, 16 lines, 128-byte a line
— -gcache=level=2:type=c:line=128:size=2
B |3 Data cache
— 8 MB, 50 cycles latency
— -gcache=level=3:type=c:line=128:size=8192:cost=50
B Memory size

— 2GB DDR-2 at 425 MHz, 100 cycles

B Memory bandwidth
— in L1-cache: ffpdx/stfpdx instructions, 1 quadword load/cycle: 16B*850 /s = 13.6 GB/s

— out of L1-cache: complex memory hierarchy
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IBM XL Compiler General Optimization

Default: -garch=[450|450d] -gnoautoconfig -gstaticlink -qtune=450
-O0: no optimization, implies -gstrict_induction (no loop counter optim)
-O =-02: balanced optimization, implies -gstrict_induction -gstrict
-O3 -gstrict: preserves program semantics
-0O3 = -02 -gfloat=fltint:rsqrt:norngchk -gmaxmem=1 -ghot=level=1:
aggressive but reasonably stable level

-ghot: turns on High-Order loop analysis and Transformation unit

— arraypad, level, simd, vector
-greport: produces a listing, shows how code was optimized
-gipa: interprocedural analysis, use with caution

— level, inline, list
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IBM XL Compiler BG-Specific Optimization

B Architecture flags

-galign: Fortran only, specifies the alignment of data
-garch=450: generates PPC450 instructions

-garch=450d: generates double-nummer instructions

M Increase of optimization aggressiveness

-0O0 -garch=450d: default optimization level

-O3 -garch=450/450d

-O4 -garch=450d -gtune=450

-O4 = -03 -garch -gtune -gcache -ghot -gipa=level=1
-O5 = -04 -gipa=level=2

B -glistopt: generates the listing with all flags used in compilation

Aa Argonne National

Laboratory
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Example program

#define SIZE 1024
-greport: shows, how sections

doubl e Al SI ZE] [ SI ZE] ; of code have been optimized

doubl e B[ SI ZE] [ SI ZE] ;
doubl e C SI ZE] [ SI ZE] ;

doubl e nul ti pl y(voi d) do {
/* 1d=3 guarded */ [/* ~10 */
{ /* region = 52 */
int i, j, k; /* bunp-normal i zed */

/* independent */
_ _ _ $. CSE15 = $.1CWMD + $. CI V3;
for (i =0; i < SIZE i ++) $. CSE17 = B[$. | CMB] [ $. CSEL5] ;
for (j =0; j < SIZE |++) $. CSE16 = ([ $. | OVB] [ $. CSE15]
for (k = 0: k < S| ZE: k++) C $.1CwB] [ $. CSE15] = $. CSEl6;
o $. CSE18 = B[ $. | CMB] [ $. CSE15] ;
ailljl C[$. | OMB] [ $. CSEL5] = $. CSEL6
+= Ali][k] * B[K][]]; $. CSE19 = C[$. 1 CMA] [ $. CSE15]
C[$.1CVA] [ $. CSE15] = $. CSE19;
C[$.1CMA][$. CSE15] = $. CSE19 + $.1CMC * $. CSE18;
return C SI ZE- 10] [ SI ZE- 10] ; $.0V3 = $.CV3 + 1.

} } while ((unsigned) $.CV3 < (unsigned) $.1CVE);
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Example program

B -gsource: produces a listing with source section
B -glist: produces an object listing

| f pdx fp4, fp36=B[]0(gr21, gr29, 0, of f set =8)

addi gr21=gr 21, 32

| f pdx fp3, fp35=B[]0(gr21, gr24, 0, of f set =-8)

f xcpmadd fpl, f p33=fp7, fp39, fpo, f p32, f p10, f p10, fcr
f xcpmadd f p6, f p38=f p9, f p41, f pO, f p32, f p1l, fpll, fcr
f xcpmadd f pO, f p32=f p5, f p37, f p4, f p36, f pl2, f pl2, fcr
f xcpmadd f p4, f p36=fp2, f p34, f p4, f p36, f p13, f pl3, fcr
f xcpmadd fp2, fp34=fpl, fp33, fp3,fp35, fpl2, fpl2, fcr
f xcpmadd fpl, f p33=f p6, f p38, f p3, f p35, f p13, f pl3, fcr
st f pdx C]10(gr22,gr30,0, of fset =-8184) =f p0, f p32
st f pdx d]10(gr22,gr29,0, of fset =8) =f p4, f p36

Argonne National
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Runtime Mode

B SMP mode

— gsub --mode smp

— Single MPI task on CPUO / 2 GB RAM
B Dual mode

— gsub --mode dual

— Two MPI tasks on a node / 1GB RAM each
® Virtual Node mode

— gsub --mode vn

— Four MPI tasks on a node / 512 MB RAM each

Aa Argonne National
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Threading Support

B OpenMP is supported

— NPTL pthreads implementation in glibc requires NO modifications

B Compute Note Kernel supports
— execution of one quad-threaded process
(each of the CPUs is assigned to each of maximum 4 threads)
— execution of two two-threaded processes

— execution of four single-threaded processes

— proper mode should be specified for gsub
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MP| Mapping

B Default XYZT mapping
— (XYZ) are torus coordinates, T is a CPU number
— X-coordinate is increasing first, then Y, then Z
— Al XYZT permutations are possible

B gsub --env BG_MAPPING=TXYZ --mode vn ...

— This puts MPI task 0,1,2,3 to Node 0 CPUO, CPU1, CPU2, CPU3; MPI tasks
4,5,6, and 7 to Node2 CPUOQ,CPU1,CPU2,CPU3

— Typically, default XYZT is less efficient than TXYZ mapping

B gsub --BG_MAPPING=<FileName> --mode smp ...
— use high-performance toolkits to determine communication pattern
— optimize mapping by custom mapfile

— mapfile: each line contains 4 coordinates to place the task, first line for task
0, second line for task 1...

— avoid conflict in mapfiles (no verification)
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Optimized libraries

B BG-optimized BLAS Level 1,2,3 library from Kazushige Goto, U. of Texas
® |IBM ESSL library: BLASL, 2, 3 in /soft/apps/ESSL
B Generic versions of BLAS/LAPACK/FFTW

-O0 102.82 s
-0O2 70.86 s
-O3 3.471s
-O4 7.921s
-O5 7.919 s
ESSL 0.836s
GOTO 0.828 s

Argonne National
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20.88 MFlop/s

30.31 MFlop/s

618.52 MFlop/s

271.10 MFlop/s

271.12 MFlop/s

2569.6 MFlop/s 75.76 % of peak
2593.0 MFlop/s 76.26 % of peak
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Communication Operations

M Best if no use of complex derived data

M For performance reason, it is advisable do not overlap
p2p and collective operations

B P2P operations a figure from Application Development
— Routing messages statically or dynamically
— Control routing by DCMF_EAGER variable
(changes the rendezvous threshold)

M Collective operations: latency and bandwidth from
Application Development

— Collective operations are more efficient than p2p, and
should be used if possible

Argonne National . ] 1
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Point-to-point Operations
® Intel MPI PingPong benchmark: BG/L co-mode vs. BG/P smp-mode

B Nearest neighbor communication

B The break line is due to switching from short to eager

400

350
300

250

200

150
100 ~ P

Bandwidth in MB/s

‘x/‘f'
58 Mw r ; :

1 4 16 256 1K 4K 16K 64K 256K 1M 4M
Message size in Bytes

IBM System Blue Gene Solution: Blue Gene/P Application Development RedBook
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BlueGene/P Collective Operations

B [ntel MPI Collective Benchmark

B Preferred over P2P due to lower overhead, independent on mapping

MPI Routine Condition Network Performance
MPI_Barrier MPI_COMM_WORLD | barrier (global 1.2 us
interrupt) network

MPI_Barrier any communicator torus network 30 us

MPI_Broadcast MPI_COMM_WORLD | collective network 817 MB/sec

MPI_Broadcast rectangular torus network 934 MB/sec
communicator

MPI_Allreduce MPI_COMM_WORLD | collective network /78 MB/sec
fixed-point

MPI_Allreduce MPI_COMM_WORLD | collective network 98 MB/sec
floating point

MPI_Alltoall[v] any communicator torus network 84-97% peak

MPI_Allgatherv

torus network

same as broadcast

IBM System Blue Gene Solution: Blue Gene/P Application Development RedBook

‘ Argonne National
Laboratory
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Personality* of BlueGene/P

#i ncl ude <common/ bgp_personality. h>
#i ncl ude <common/ bgp_personality i nlines. h>

_BGP _Personality t p;

Kernel GetPersonality( &p, sizeof(p) );

. DDR_Conf i g. DDRSI zeMB; /[* menory size */
. Kernel Config.ProcessConfig; /* running node */
. Net wor k_Conf i g. Xnodes; [* torus di mensions */

. Net wor k_Confi g. Ynodes;
. Net wor k_Confi g. Znodes;

© © © T ©

mpixlc_r -1/bgsys/drivers/ppcfloor/arch/include ...

Argonne National . ] 1
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fa

Overview

B Application Developers' view

B Compiling and Building Tools
L le

B Scheduling and Running Jobs
B Optimization Technigues

B Performance Tools

B Debugging Tools

Argonne National
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Performance Toolkits

B Compiler options for profile information
— no instrumentation, simple to use
— -Pg
— gprof <exe> gmon.out.0
B TAU - Tuning and Analysis Utilities
— [soft/apps/tau/tau-latest
— requires additional instrumentation
— extensive visualization capabilities
— can be combined with PAPI-3.9.0 hardware counters*
B HPCT - IBM High-Performance Computing Toolkit
— [soft/apps/hpct_bgp

— New product, not much feedback is available, esp. for large projects

— MPI profiling and tracing tool, CPU Profiling, Hardware Counter Performance
Monitoring, I1/0O Performance

4% . Argonne National . ] ]
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Use of gprof Tool with Compiler Options

Profiling is collecting and arranging statistics of running program
Simple to use: does NOT require instrumentation of sources
Use -p option at compile AND link time

Use -g option, but remember that it removes automatic inlining

Run program: it will produce gmon.out.N binary files, one for each MPI task

Convert a binary to readable text format:

gprof <executable> gmon.out.0

Alternatively, use Xprofiler graphical tool (part of HPCT)

B http://www.gnu.org/software/binutils/manual/gprof-2.9.1/gprof.html

Argonne National
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Flat profile

Each sanmple counts as 0.01 seconds.

% cumul ative sel f sel f t ot al
time seconds seconds calls s/ cal | s/call nane
32. 49 24. 33 24. 33 50012 0. 00 0.00 _ _mhd_m NMOD mhd_ti mestep
20. 45 39. 64 15. 31 52712648 0. 00 0.00 __thernmom NMOD roe_peta
7.09 44. 95 5.31 DCVF: : hwBarrier::poll ()
7.08 50. 25 5.30 DVA_RecFi f oSi npl ePol | Nor mal Fi f oByl d
4. 89 53.91 3.66 12052892 0. 00 0.00 _ thernom NMOD roe_ac
3.02 56. 18 2.27
DCWVF: : Queuei ng: : Lockbox: : LockboxMessage: : advance()
2.74 58. 23 2.05 50012 0. 00 0.00 __npi _m NMOD_exchange?2l i nes
2. 27 59. 93 1.70
DCWVF: : Prot ocol : : Mul ti Send: : TreeAl | r educeRecvPost Message: : advanceDeep( DCVF: : Queuei ng: : Tree: : Tr eeM
sgCont ext)
1.80 61. 28 1.35 DCMF: : DMA: : Devi ce: : advance()
1.55 62. 44 1.16 50012 0. 00 0.00 __eleccircuitmNMOD current
1.32 63. 42 0.99 DCMF: : Queuei ng: : Lockbox: : Devi ce: : advance()
1.23 64. 34 0.92 DCVF_Messager _advance
0. 05 73. 54 0. 04 DCMF_Send
0. 05 73.58 0. 04 MPI DI _B&S RecvCB
0. 05 73. 62 0. 04 DCMF: : DMA: : Devi ce: : processAdvanceQueue()

B Search for functions with larger time usage

B Search for functions with larger number of calls
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HPCT GUI Tool - Xprofiler

Xprofiler <@loginl>

File Yiew Filter Report Utility
o [
HOG12 G122
050 x 2,050 0,760 3 0,760 1,160 x 1,160 0,270 % 0,270
I_exchange?lines [11] boundecanditions [19]  __eleccircuitm_NMOD_current [14] b_derivatives [24] in
0,000 % 0,000 0.000 x 0,000 0,000 x 0,000

B0 % 3,660 __meshm_WMOI_printlocalmesh [1931] __mhd_m_NHOD_initmhd [1935] __meshm_NHOD_setlocalmesh [1933] __mpi_m_|
_HHOD_rae_ac [3] A
=1 — - 7
= ]
Progran: HEIGHTS Xtrene Total CPU Usage: 89,18 seconds (sunnary of 1 gnon,out profile files}
Display Status: shouwing 150 out of 150 nodes and 21 out of 21 arcs

i Argonne National
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TAU toolkit*

B Tuning and Analysis Utilities (TAU): A toolkit for performance evaluation,
such as profiling, and tracing, and analysis of parallel programs

® Profiling

— summary statistics of performance metrics

— performance behavior of functions, blocks, calls

— 1dentifies bottlenecks and hot spots

— Implemented through sampling and/or instrumentation
® Tracing

— when and where significant points (events) took place

— saves information about each events

— used to reconstruct dynamics of the program

— requires code instrumentation

* Performance Research Lab, University of Oregon

Argonne National . ] 1
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Steps of TAU Performance Evaluation

M Collecting basic routine-level timing profile to
determine where most time Is being spent

M Collecting routine-level hardware counter data to
determine types of performance problems

M Collecting callpath profiles to determine sequence
of events causing performance problems

B Conducting fine-grained profiling and tracing to
pinpoint performance bottlenecks (hardware
counters, communications,...)

Argonne's Blue Gene/P Supercomputer: Software Overv e



Using TAU: Basic steps

B Instrument the source code

TAU includes tau_ XXX scripts for automatic instrumentation:
% mpicxx -0 computePi computePi.cpp

changed to

% export TAU MAKEFILE=/soft/apps/tau/tau_latest/bgp/lib/
Makefile.tau-multiplecounters-mpi-papi-pdt

% tau_cxx.sh -0 computePi computePi.cpp
B Execute MPI program as usual
B Obtain profile.NNN files, one for each MPI task
B Post-process profiles by console-based pprof utility

B Post-process profiles with GUI paraprof utility

Argonne National
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Using TAU: Manual Instrumentation

B |nitialization and runtime configuration
TAU PROFILE_INIT, TAU PROFILE_SET NODE
B Register a function to profile
TAU_ PROFILE
M Start/stop profiling
TAU START, TAU STOP
B User-defined timing
TAU_PROFILE_TIMER, TAU PROFILE_START, TAU PROFILE_STOP
B User-defined events
TAU REGISTER_EVENT, TAU PROFILE STMT
B Heap memory tracking
TAU_TRACK_MEMORY, TAU SET INTERRUPT INTERVAL

4% . Argonne National . ] ]
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Specific of TAU on BG/P

® Front end nodes are ppc64

M Back end nodes are bgp

B TAU interactive tools are built for ppc64 or Java
M Back end tools (measurement) are built for bgp

M Available configurations

— TAU with PDT - profiling and tracing of functions

— MPI - profiling and tracing only communication routines

— pthreads - profiling threads

— callpath - constructing functions call path

— hardware counters - including PAPI-based counters support

Argonne National
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pprof output

FUNCTION SUMMARY (mean):

$Time Exclusive
msec

100.0 62
93.2 15,508
3.1 507
2.3 376
0.7 116
0.3 50
0.1 11
0.1 9
0.0 0.00803
0.0 0.006

Argonne National
Laboratory

Inclusive

total msec

0.00803
0.0006

62.5

125.969

2000

1

1

125.969

0.03125

1
1

2318.47
0

Inclusive

usec/call

16643178
248128
4032

188
116762
50779

91
301331

8

0

Argonne's Blue Gene/P Supercomputer: Software Overv  ie

MATIN
MULTIPLY MATRICES
MPI Recv()

MPI Bcast()
MPI Finalize()
MPTI Tnit()
MPI Send()
INITTALTZE
MPI Comm rank()

MPI Comm_size()
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TAU GUI Tool - Paraprof

I TAU: ParaProf Manager <@login2> — | O *X
File Options Help
@ Applications : TrialField Yalue
% [CJstandard Applications Mame Example_PAPITAL Warlk,. ..
§ [ Default App “|#pplication D 0
@ ] Default Exp Experiment D 0
@ [ Example_PAPI/TAL Wark/morozow horme fgpfs 2| Trial ID o
@ GET_TIME_OF_DAY #|CPU Type 450 Blue Gene/P DD2
@ PME_BGP_PUO_DCACHE_HIT - (W) fhomefmorozovWork TAL. .
@ PME_BGP_PUO_FFU_ADD_SUB_1 Executable fsbinord/fioproxy
@ PME_BGP_PUQ_FFU_DIv_1 f|Hostnarme ion-1
@ PRE_BGP_PUQ_FPU_FMA&_2 i|Local Time 2007-12-04T21:10:26+0...
@ PHE_BGE

@ PMNE BC ' TAU: ParaProf: /gpfs/home/morozov/Work/TAU/Example_PAPI <@login2>
@ PNE_BCH| File Options Windows Help

@ PME_BGC -
mMetric: GET_TIME_QOF_DAY
Walue: Exclusive

nct 0,00 | e ———]

java.util.p
System pref
java.util.p
System pref
java.util.p
System pret
2 FOE T -

‘ Argonne National
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IBM HPCT Tool for MPI/CPU/IO Profile

B IBM High Performance Computing Toolkit - HPCT
— Tools to visualize and analyze your performance data
— Xprofiler and HPCT GUI instructions
— Tools to optimize your application's performance

B MPI Performance: MPI Profiling and Tracing (mpitrace)
B CPU Performance: -pg and gmon.out.X, XProfiler, HPM
B Hardware Counter Performance Monitoring: HPM

H 1/O Performance: I/O Profiling

B Threading Performance: OpenMP profiling

B Visualization and analysis: PeekPerf

Argonne National
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HPCT: Message Passing Performance

B Implemented as PMPI wrappers around MPI functions
B No changes in source code

B Compile with -g, link with libmpitrace.a

B Captures MPI calls with source code traceback

B Does not synchronize MPI calls

B Generate XML output with PeekPerf

Argonne National
Laboratory
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HPCT: Message Passing Performance

MPI Function #Calls Message Size ~ #Bytes Walltime MPI Function ~ #Calls Message Size  #Bytes Walltime
MPI_Comm_size 1 (1) 0..4 0 1E-07 MPI_Irecv 2 (1) 0..4 3 4.7E-06
MPI_Comm_rank 1 (1) 0..4 0 1E-07 MPI_lrecv 2 (2 5..16 12 1.4E-06
MPI_Isend 2 () 0.4 3 0.000006 MPI_lIrecv 2 3 17 ...64 48 1.5E-06
MPL_ Isend 2 @ 5 16 1 1 AE-06 MPI_Irecv 2 4 65 ... 256 192 2.4E-06

MPI_lrecv 2 (5) 257 ... 1K 768 2.6E-06
MPI_Isend 2 (3 17 ...64 48 1.3E-06

MPI_lrecv 2 (6) 1K ... 4K 3072 3.4E-06
MPI_lIsend 2 4 65 ... 256 192 1.3E-06

MPI_Irecv 2 @ 4K ... 16K 12288 7.1E-06
MPI_lsend 2 (5) 257 ... 1K 768 1.3E-06

MPI_lIrecv 2 (8) 16K ... 64K 49152 2.23E-05
MPI_lIsend 2 (6) 1K ... 4K 3072 1.3E-06

MPI_Irecv 2 (9) 64K ... 256K 196608 9.98E-05
MPI_lsend 2 (7) 4K ... 16K 12288 1.3E-06

MPI_Irecv 2 (A 256K ... 1M 786432 0.00039
MPI_lIsend 2 (8) 16K ... 64K 49152 1.3E-06

MPI_lIrecv 1 (B) 1M ... 4M 1048576 0.000517
MPI_Isend 2 (9) 64K ... 256K 196608 1.7E-06

MPI_Waitall 21 (1) 0..4 0 1.98E-05
MPI_lIsend 2 (A 256K ... 1M 786432 1.7E-06

MPI_Barrier 5 (1) 0..4 0 7.8E-06
MPI_lIsend 1 (B) 1M ... 4M 1048576 9E-07

Aa Argonne National
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Example of using HPCT Tool

B [nstrument the program

M See listing

B Use hardware counters

B Change optimization options

for (i =0; I < SIZE, i ++4)
for (j =0; j < SIZE;, j++)
for (k = 0; k < SIZE, k++)
Cilly] += Ali][k] * BIK][]];

HPCT DI R=/ sof t / apps/ hpct _bgp
npi xl cxx_r -1$HPCT DIR/include -o Hello Hello.cxx -LSHPCT DIR/ i b
-l hpm -11icense

4% Argonne National . ] ]
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HPCT GUI Tool - Peekperf

X Main Window < ®login2> =i
File Manual Automatic Windows Tool

i [m] R D _ O %
mpidata | mpidata | . | ReopenFile.fa0 | ReopenFile.o | rndg.fao | rndg.o | ThermoM.f90 | thermom.mod | The+|»
Label |Tran5fered Bytes |WaHCIock |C0unt | ; ETh' P _—_ it Hor fGEh 4 — —_ E
g ! This version include linear interpolation for thermodynamic functions an
- SUMMARY 5.28127e+08 55.2574 800194 3 i L ¥
""::{72 X Performance Data Table <@login2> — 3 X |le ThermoM
- MPI_Ci Label | File | Function | Transfered Eyte' WallClock Golint cter{*), parameter, private :: ModSTR = ThermoM::'
~MPI_Cd] 1 _|MPI_Comm_size (0} SUMMARY 0 0.00000 1 ), parameter :: K2eV = 11604.562914d0 ! convert from K to eV
MPI_Ref 2 |MPI_Comm_rank (0) SUMMARY 0 0.00000 1 .
-MPI Sl 3 |MPI Send o SUMMARY 528126728 9.28619 800194 ). parameter, pr!vate 11 Lnl0 = 2.30258509299404568402d0 )
B Aoy () ). parameter, private :: PI8MU = 0.03978873577297383394d0 ! 1/(8\Piymu), \mu
4 |MPI_Bcast (0) SUMMARY 800134 1.22850 100023
5 |MPI_Barrier (0} SUMMARY 0 0.00009 2
6 |MPI_Reduce (0} SUMMARY 2800184 5.53258 100023 T log10(eV), temeperature mesh, 1:NT

E, eV, energy mesh, 1:NE, converted from log10!

D, g/fcm3, density mesh, 1:ND, converted from log10!

. dynfcm2; tabulated EOS: pressure from density, g/cm3 and energy. erg/g
I, eV; tabulated EUS: temperature from density. g/fcm3 and energy, erg/g: for

. 5; tabulated thermodynamic properties: electric resisitivity from density, g/fcm3
9/9

H, ergfcm-K; tabulated thermodynamic properties: thermal conductivity from

and energy, erglg

. erg/g-K; tabulated thermoedynamic properties: specific heat from density, g/cm3
/g

), allocatable, private ::
L), TB_T(=,:), TB_L(:,2), TB_HI:,:), TB_S(:,:).MS_T(:),MS_D{:).MS_E(:)

er, private :: ND, NE, NT ! number tabulated densities, energies, temperatures
). private :: MS_T1, MS_TD ! first log10 temperature mesh point, logl0 mesh
). private :: MS_E1, MS_ED ! first log10 energy mesh point, legl0 mesh step

). private :: MS_D1, M5_DD ! first log10 density mesh point, log10 density step

}. private :: Emin = 0d0 ! internal energy of vacuum, minimal possible internal

ey ey
28

29 contains

30

31 !

32 ! Loads EOS and thermodynamic properties

33 ! ThFilel: by density and energy == pressure, electric resistivity
34 ! ThFile2: by density and temperature => internal energy

35 !

36 subroutine InitThermo( ThFilel, ThFile2 )

37 implicit none

(N5

i Argonne National
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HPCT GUI Tool - XProfiler

‘ Arg

File Yiew

Filter

Report

Utility

=

—

=]

Progran; qb

Total CPU Usage:; 286,64 seconds <{summary of 1 gnon,out profile files}

Display Status: shouwing 854 out of B854 nodez and 10565 out of 1055 arcs

onne National

Laboratory
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fa

Overview

B Application Developers' view

B Compiling and Building Tools
L le

B Scheduling and Running Jobs
B Optimization Technigues

B Performance Tools

B Debugging Tools

Argonne National
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Debugging on BlueGene/P

B GDB and Totalview (Totalview technologies) are available
M isub launcher should be used:
— 1sub -t 30 -n 64 -A myproject -q short
— walting the job to start ... prompt
gdb <mpi_args>
totalview <tv_args> mpirun -a <mpi_args>
quit

Aa Argonne National
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Isub and mpirun arguments

M isub

— Require: -q queue -A Project -t time

— Optional: -K kernel
B mpirun

— Require: -np CPU (not --proccount)

— Require: -mode mode (not --mode)

— Recommended: -verbose

— Recommended: -nofree (experts only)
M example launch

gdb -np 64 -mode smp -verbose 2 program
>

rs Argonne National
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gdb server

M [Partition boots]
M [wait for prompt]
H Type one of the following
— <rank> to get a connection to that rank
— dump_proctable to get all rank IP:PORT info
M [Start client in other windows]
M Hit <return> to start the program

Aa Argonne National
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gdb client

M [gdb server already started]
B [dump_proctable on server gives IP:PORT]

M Attach one client to each interesting task
/bgsys/drivers/ppcfloor/gnu-linux/bin/gdb
target remote <IP:PORT>
[client walits for server to become active]

M [return to server and hit <enter>]
M [clients will give a prompt]

h Argonne National
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gdb commands

fa

® break <nnn>
— Info break
— delete

B next

M print

® where

M continue

more info: http://www.gnu.org/software/gdb/documentation/

Argonne National

Laboratory Argonne's Blue Gene/P Supercomputer: Software Overv

iew




Totalview

B C, C++, Fortran

® wide compiler/platform
support

B multi-threaded debugging
M parallel debugging

M remote debugging

B memory debugging

B Extensive GUI

B CLI for scripting and batch

Argonne National
Laboratory

— G |

File  Edit “iew Group Process Thread Action Point  Tools  Window

54 3

Mext Step  OCut

4> B B

Go  Halt Kill Restart

Process 1: fork_looplLi
Thread 1 (Sto

thirds

Stack Frame

Stack Trace

__=zelect, FP=hfffeaald [4||Function "snore": A
walt a while, FP=hfffeaal arg: 000000000 =
[C++] snore, FE=hfffeach Elock "shlashiZ":
forker, FP=hfffehtl timeout: {struct timewval)
fork wrapper, FP=hfffehdd Block "shl":

T+ 1 main. FP=hfffannf |fd TH: - NxNNNONNNN. Y _Ii
Function snare in fark_loop.cxx = =]
647 foo = {int *)bad_addr; A
K har = *foo;
[ *foo = bar + 1;
650 i
651
G52 for (;;)
B53 { gl
3= struct timewval timeout;
(=} walt = while (&timeout);
=13 if {werhose)
=% printf ("Thread %1d woke vp in Snore)wn", (long) (pthread self
1f (use _mut) Fi
= 1 =

action Pnints] F'rgc:esses] Thgeads]

CEd | BEd ] B BEd ] Bl
I 22 [ 25" 2> [ 257
246
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Starting Totalview

M Use ssh -X to login with X11 tunnel created
B Add +totalview to ~.softenvrc file
B To submit a job for debugging

Isub <gsub_args> --run totalview <tv_args> mpirun -a <mpi_args>

e.g.
iIsub -t 30 -n 64 -A Project --run totalview mpirun -a np 64 program

M Totalview will start when job is allocated

B Typically just hit "Go" button

B Wait while partition boot

M All processes are halted after execution single instruction

M Set necessary breakpoints and continue, inspect processes
when needed

Argonne National . ] .
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Specific of Totalview on BG/P

B Dynamic and multi-threaded applications are in beta stage
B Memory debugging is at initial stage
B BG/P message queue are unavailable

M Core files are unsupported
— BG/P uses Lightweight Core File (LCF) format
— Use bgp_stack, coreprocessor.pl

4% . Argonne National . ] ]
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Tuning code for BlueGene/P

M Structuring data in adjacent pairs
— Allows to use quadword load/store operations
B Using vectorizable blocks
— QOrganize the code sequences with single entry point
— Minimize branching for special cases (exceptions, NaN values)
— Minimize dependencies between blocks
B Minimize the usage of C/C++ pointers, guarantee disjoint references
® Use inline (with caution)
— to remove overhead with brunching
— to enlarge the vectorizable blocks
M Turn off range checking -gfloat=norngchk (with caution)

Argonne National
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Resources

B ALCF Resource page
http://www.alcf.anl.gov/support/usingALCF/index.php

B Getting Started
http://www.alcf.anl.gov/support/gettingstarted/index.php

B IBM RedBooks:
Compiler User Guides, Application Development Manuals
http://www.redbooks.ibm.com/redbooks.nsf/redbooks/

Aa Argonne National
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